Abstract Bacterial wilt, caused by Ralstonia solanacearum, is a devastating disease resulting in tremendous losses of economic crops such as plants in the Solanaceae. Recent studies showed that R. solanacearum is spreading from the lowlands to the highlands in China. We studied 97 Chinese R. solanacearum strains that were isolated from four tobacco-growing zones over a wide range of elevations using phylotype specific multiplex polymerase chain reaction (Pmx-PCR) and phylogenetic relationships (egl and mutS). The results showed that all isolates belonged to phylotype I, which were further clustered into eight egl-sequence type groups (egl-group, sequevar): sequevars 13, 14, 15, 17, 34, 44, 54, and 55. In addition, Sequevar 55, found from the highlands, was a new/unknown one. Southeast China (Z3) had the largest number of egl-groups, containing six sequevars. The basin of the Yangzi River (Z1) and southwestern China (Z2) contained five egl-groups. The basin of the Huai River (Z4), near the north of China, where slight bacterial wilt occurred recently, contained a single group, sequevar 15. The distribution of sequevars was associated with elevation. Sequevar 15 was over-represented in lowland elevations, while sequevar 54 and the new/unknown one were only found in areas of moderate to high elevations. This finding suggested that the phylotype I strains infecting tobacco were diverse in China and regional integrated control strategies should be considered.
Introduction
Ralstonia solanacearum, widely distributed in tropical, subtropical, and temperate regions of the world, is a complex species with considerable diversity (Hayward 1991; Genin and Denny 2012) . A large number of studies have focused on the global genetic diversity of the pathogen. Early attempts have subdivided the R. solanacearum strains into five races and six biovars. Based on the host range, R. solanacearum has been phenotypically classified into five races: Race 1 (solanaceous vegetables), Race 2 (banana), Race 3 (potato and tomato from temperate regions), Race 4 (ginger), and Race 5 (mulberry) (Buddenhagen et al. 1962; Wicker et al. 2007) . Biovar classification has been defined by their ability to utilize disaccharides and to oxidize hexose alcohols (He et al. 1983; Hayward 1964 Hayward , 1991 Genin and Denny 2012) . Although both classification schemes have been used to describe the diversity of R. solanacearum for a long time, several disadvantages have been revealed with our increasing knowledge of pathogen diversity, such as the lack of discriminating power, additional time required, and lack of correlation with the phylogenetic origin of different strains (Siri et al. 2011; Genin and Denny 2012) .
To improve our understanding of the genetic relationship among the R. solanacearum species complex, DNA-based analyses were used, such as restriction fragment length polymorphisms (RFLP), polymerase chain reaction (PCR) -RFLP, 16S rRNA gene sequence analysis, repetitive extragenic palindromic (REP)-PCR, and amplified fragment length polymorphism (AFLP) (Cook et al. 1989; Li et al. 1993; Frey et al. 1996; Poussier et al. 2000b; Horita and Tsuchiya 2001) . As examination of the diversity of the strains increased, it became clear that the R. solanacearum strains had four major phylotype subdivisions . Phylotype can be rapidly assigned by a multiplex PCR (Pmx-PCR). Each phylotype is subdivided into numbered sequevars or closely related individual strains that are usually identified by analyzing the sequence similarity of the endoglucanase gene (egl, a conserved virulence factor) . The nucleotide sequences of mutS (a DNA mismatch repair enzyme), hrpB (a regulator of type III secretion) and pga (polygalacturonase precursor gene) have also been used for the subdivision of the species complex Ramesh et al. 2014) . The phylotypes correspond closely to the geographical origins of the strains: Phylotype I includes strains from Asia; phylotype II, strains from the Americas; phylotype III, strains from Africa and surrounding islands; and phylotype IV, strains isolated primarily from Indonesia, as well as two closely related species, R. syzygii and banana blood disease bacterium (BDB). Phylotype II has two clearly recognizable sub-clusters, phylotype IIA and phylotype IIB Fegan and Prior 2006; Castillo and Greenberg 2007) .
Bacterial wilt is one of the most important diseases in China. There are many reports studying the genetic diversity of Chinese R. solanacearum strains; three out of five races (race 1, 3 and 5) and all five biovars (bv. 1, 2, 3, 4 and 5) have been identified (He et al. 1983; Lu 1998) . Xu et al. (2009) analyzed the genetic diversity of Chinese R. solanacearum strains, suggesting that Chinese R. solanacearum strains belonged to phylotype I and II and that phylotype I was predominant and included 10 different sequevars. According to Xue et al. (2011) , the majority of tested Chinese strains belonged to Asian phylotype I, which had a high diversity from the BOX-PCR fingerprints generated from the genomic DNA. In Taiwan, R. solanacearum strains mainly belonged to phylotype I and sequevar 15 was predominant (Lin et al. 2014) . To date, very limited success has been achieved for the control of bacterial wilt caused by R. solanacearum. The high diversity of the pathogen may be one of the reasons.
Recently, some reports showed that R. solanacearum is spreading from the lowlands to the highlands and cold areas in China as a result of the changed climate, ecological environment, and planting structure adjustment (Kong 2003; Zhou et al. 2012) . Tobacco is one of the most important economic crops in China, and tobacco planting areas are widely distributed in mountain, hill, and lowland regions (Hayward 1991; Zhu et al. 2002) . Based on this information, Chinese R. solanacearum strains isolated from Nicotiana tabacum are suitable candidates for studying the relationship between the elevation and genetic structures of R. solanacearum. Li et al. (2016) have reported the genetic diversity of Chinese tobacco R. solanacearum, but they did not explain the relationship between genetic structure and elevation. The aims of this study were to analyze: i) genetic diversity of R. solanacearum strains collected from all tobacco-growing zones in China, and ii) whether elevation affects phylogenetic diversity in China.
Materials and methods

Bacterial isolates and growth conditions
A total of 97 R. solanacearum isolates were isolated from wilting tobacco plants from all tobacco-growing areas that are clustered in four tobacco-growing zones from 2013 to 2015 in China (Table 1, Supplemental  Table 1 ). In total, 56 counties from 13 provinces were include: Z1, the basin of the Yangzi River, contained five provinces (Chongqing, Guizhou, Shanxi, Hubei, and Hunan); Z2, southwestern China, contained three provinces (Sichuan, Yunnan, and Guangxi); Z3, southeast China, contained three provinces (Jiangxi, Guangdong, and Fujian); and Z4, the basin of the Huai River, contained three provinces (Anhui, Henan, and Shandong). According to the elevations, all areas were classified into three regions: region 1 (R1, highlands) with elevations over 1500 m a.s.l.; region 2 (R2, the areas of moderate elevations) with elevations from 500 m a.s.l. to 1500 m a.s.l.; and region 3 (R3, lowlands) with elevations below 500 m a.s.l. (Table 2) .
For the isolation of R. solanacearum, infected stem tissues were first surface disinfected with 75 % ethanol for 3 min, peeled, subsampled and macerated in sterile distilled water for 30 min. Macerates were then streaked on Kelman's triphenyltetrazolium chloride (TZC) agar medium (Kelman 1954) . Plates were incubated at 30 ± 2°C for 48 h. Bacterial colonies displaying the typical irregular, mucoid, bird's eye aspect were then streaked onto fresh TZC medium for further purification. All isolated strains were named and maintained in 20 % glycerol at −80°C.
DNA assay and phylotype identification
The total DNA from each strain was prepared using TIANamp Bacterial DNA Kit (Tiangen Biotech, Beijing, China), according to the manufacturer's instructions. The phylotype identity of each strain was determined by multiplex PCR as described by Fegan and Prior (2005) . Pmx-PCR was carried out in 25 μl of reaction mixture containing 1× Taq MasterMix (PCR buffer, 1.5 mM MgCl 2 , 250 μM of each dNTP, 50 mM KCl, 10 mM Tris-HCl and 1.25 U of Taq DNA polymerase) (Tiangen Biotech), 6 pmoles of primers Nmult:21:1F, Nmult:21:2F, Nmult:22:InF, 18 pmoles of the primer Nmult:23:AF and 4 pmoles of primers 759 and 760 (all primers are listed in Supplemental Table 2 ) (Opina et al. 1997; Xu et al. 2009 ). This P m x -P C R a m p l i f i e s a 2 8 1 -b p Bu n i v e r s a lR . solanacearum specific reference band in addition to the following phylotype-specific PCR products: a 144-bp band from phylotype I strains; a 372-bp band from phylotype II strains; a 91-bp amplicon from phylotype III strains; and a 213-bp band from phylotype IV strains. The PCR program was carried out in a thermocycler as previously described (Xu et al. 2009 ). Then, 5 μl of PCR product was subjected to electrophoresis on 1.5 % agarose gel, stained with ethidium bromide and visualized on a UV-transilluminator.
Sequencing of egl and mutS genes
The phylogeny of each strain was characterized using comparative analysis of the partial nucleotide sequences of egl and mutS genes. Primers were used for amplifying the partial egl and mutS genes as previously described (Poussier et al. 2000a; Prior and Fegan 2005) . Fifty microliters of the reaction mixture contained 1× Taq MasterMix (Tiangen Biotech), 0.25 μM of each primer, and 50 ng of DNA as the template (Xu et al. 2009 ). The PCR programs of the egl and mutS genes were performed as previously described Xu et al. 2009 ). Fifty microliters of reaction mixtures were examined by electrophoresis on 1.5 % agarose gels in TAE buffer. Bands were revealed by visualization with UV light after ethidium bromide staining. PCR products were sequenced by the Beijing genomics institute. The primers mentioned above were also used as sequencing primers.
Phylogenetic analysis
Thirty-four reference strain sequences were selected and used in the analysis (Supplemental Table 3 ). Sequences were manually edited and trimmed using BioEdit 7.0.5.1 (Hall 1999) , then aligned using Clustal x (Jeanmougin et al. 1998 ). Phylogenetic analysis was performed using neighbor-joining (NJ) and the algorithm of Jukes and Cantor with 1000 bootstrap resamplings in MEGA version 5 (Tamura et al. 2011 ) along with reference sequences from NCBI. Sequence extremities were trimmed on the basis of sequence quality and reading frame as previously described (Deberdt et al. 2014; N'Guessan et al. 2012; Wicker et al. 2012) , giving final egl sequences of 666 nucleotides and mutS of 651 nucleotides. All egl and mutS sequences from the R. solanacearum strains used in this study were deposited into the GenBank (accession numbers of egl: KT961427 -KT961523, accession numbers of mutS: KT961524 -KT961620).
Pathogenicity test
A tobacco susceptible cultivar (cv. Yunyan 87) was used for the pathogenicity test. Two-week-old seedlings were transplanted in plastic pots (9 cm in diameter) containing horticultural soil and then grown in a greenhouse at 30°C and 25°C day and night temperatures and a 14-and 10-h photoperiod, respectively. Plants with four to five true leaves were inoculated by soil drenching. Briefly, the strain was grown on B medium (Boucher et al. 1985) for 16 h and then suspended in sterile deionized water. Each plant was inoculated by pouring 10 mL of suspension (OD 600 = 0.1, approximately 1.0 × 10 8 cells ml −1
). The incidence and disease index were monitored every day for 28 days using a 0 to 4 scale: 0 = asymptomatic plant, 1 = less than 25 % wilted leaves, 2 = less than 50 % wilted leaves, 3 = more than 50 % wilted leaves, and 4 = completely wilted leaves (dead plant) (Lebeau et al. 2013) . The experiment was repeated twice. Analysis of variance (ANOVA) was used to analyse the disease index data at each assessment date using Statistical Product and Service Solutions (SPSS).
Results
R. solanacearum strain collection, identification and phylotype analysis
A total of 97 R. solanacearum isolates collected from four tobacco-growing zones were isolated and identified (Supplemental Table 1 ). There were 44 isolates in Z1, 21 in Z2, 27 in Z3, and only five in Z4. On TZC agar medium, these strains yielded typical pink virulent type colonies that were cream colored, irregularly shaped, and highly fluidal. All of these isolates were further confirmed by PCR using the R. solanacearum specific universal primer 759/760, which gave a specific 281-bp band. Using the Pmx-PCR protocol with primers designed from the ITS region, the 144-bp fragment specific to phylotype I and the 281-bp fragment universal to R. solanacearum species complex were observed with all tested isolates, suggesting that all of the isolates in this study were phylotype I strains.
egl and mutS gene analysis Partial nucleotide sequences of the egl gene and the mutS gene from 97 R. solanacearum isolates were aligned. The phylogenetic relationships according to egl gene sequences were analyzed together with 34 reference strains and mutS genes with 29 reference strains. Sequences of reference strains were added to the trees in order to position the tested strains within the known phylogenetic structure. The phylogenetic trees based on egl and mutS partial sequences were in global agreement ( Figs. 1 and 2) .
Based on the egl-tree (Fig. 1) , all isolates from this study were classified into phylotype I, which was consistent with the Pmx-PCR. The egl-tree branching pattern within phylotype I showed a split with a 98 % bootstrap value. According to the sequevar definition and the position of reference strains in the egl-tree, all tested strains were further clustered into seven major groups that were defined as egl-sequence type groups (egl-group) A, B, C, D, E, F, and G, representing sequevars 13, 14, 15, 17, 34, 44, and 54, respectively. In addition, YNLXBS-1, collected from a highland elevation (1838 m) (Supplemental Table 1 ), was not identical to any previously designated sequevar, and was defined as sequevar 55 (Fig. 1) . According to the mutS-tree, there were two mutS-based sequence types (mutS-ST A and B) (Fig. 2) . 
Distribution of sequevars in different zones
Sequevars were determined from the egl sequences. The most widespread one was sequevar 17 (group D) (26.80 % of the tested strains; Table 3 ), containing reference strain P11 (Xu et al. 2009 ), which was found in three tobacco-growing zones (Z1, Z2, and Z3). The second one was sequevar 15 (group C), with reference strain PSS358 (Lin et al. 2014) , which was found in Z1, Z3, and Z4. In Z4 (the Basin of the Huai River), sequevar 15 was the only observed sequevar. Sequevar 44 (group F), with reference strain Bd11 (Xu et al. 2009 ), was distributed in Z1, Z2, and Z3. Sequevar 54 (group G), containing reference strain HBJS1 (Li et al. 2016) , was identified in Z1 and Z2. Sequevar 34 (group E), with reference strain PSS219 (Xu et al. 2009 ), was found in Z1 and Z3. Sequevar 13 (group A), with reference strain JT523 (Poussier et al. 2000a) , was identified in Z2 and Z3. Sequevar 14 (group B) contained three isolates and was only found in Z3. Sequevar 55 ).
Relationship between the elevation and sequevar composition Sequevars 17 and 44 were prevalent over a wide range of elevations. Sequevars 15 and 34 were clearly overrepresented in lowland elevations. Conversely, sequevar 54 and 55 (group G and the unknown YNLXBS-1) were only found in moderate and high elevations (Fig. 3) .
To investigate the possible impact of elevation on sequevar composition, we clustered all areas into three regions according to the elevation ranges (R1, R2, and R3) ( Table 2 ). The distribution of egl-ST groups (Table 4) was significantly different between R1, R2, and R3 (χ 2 test, P = 5.55× 10
). Sequevar 15 was significantly overrepresented in lowland elevations (R3) (χ 2 test, P = 1.16× 10
), while sequevar 54 was significantly overrepresented in moderately elevated areas (R2) (χ 2 test, P = 4.0× 10
).
Pathogenicity of R. solanacearum isolates
According to different elevations, sequevars, and frequency, six representative strains were chosen for the pathogenicity study (Table 5 ). All tested strains were highly virulent on tobacco at tropical temperatures (30°C day/25°C night). Tobacco plants inoculated with R. solanacearum strains started to wilt 4 to 6 days after inoculation, and almost all inoculated plants were dead within 4 weeks (Fig. 4) . Based on the final disease index, there was no difference in disease severity among the tested strains.
Discussion
In this study, a total of 97 R. solanacearum isolates were isolated from four tobacco-growing zones over a wide range of elevations in China. All of these isolates produced typical R. solanacearum type colonies on TZC medium. We analyzed the genetic diversity of these R. solanacearum strains using phylotype and phylogenetic analysis. The results suggested that tobaccoinfecting R. solanacearum strains all belonged to phylotype I and had sequevar diversity. The phylotype I strain was generally considered a tropical strain mostly prevalent in the lowlands; however, the finding of our a Based on phylogenetic neighbor-joining tree of egl gene sequences (Fig. 1) b Numbers in parentheses indicate percentage of the different sequevars in total Fig. 3 Box chart of elevation distribution of every sequevar. Sequevars (groups) were based on phylogenetic neighbor-joining tree of egl gene sequences study indicated that tobacco-infecting phylotype I strains were observed in China not only in the lowlands but also in moderately elevated areas and highlands. Phylotype I strains which infected potato were also reported from highland elevations in India (Sagar et al. 2014) . Phylotype I was known as the lineage with highest evolutionary potential because of its high ability of recombination, pattern of dissemination, large host range, and virulence plasticity. When retracing the complex evolutionary history of R. solanacearum using multilocus sequence analysis (MLSA), Wicker et al. (2012) reported that phylotype I was one of the ongoing diversifying subspecies. This study revealed that all tested tobacco phylotype I strains could be further clustered into eight egl-groups (sequevar), containing sequevars 13, 14, 15, 17, 34, 44, 54 , and 55 (a new one) (Fig. 1) . Among the eight sequevars, sequevar 13, 14, 15, 17, 34, 44 , and 54 had been reported in Chinese tobacco R. solanacearum strains by Li et al. (2016) , and sequevar 55, the new one, has not been previously described. The new sequevar may be an evidence that verified the ongoing evolutionary of phylotype I.
Southeast China (Z3), a warm and humid zone (Table 1) , had the largest number of egl-groups and contained six sequevars: 13, 14, 15, 17, 34, and 44 . In the Basin of the Yangzi River (Z1), there were five eglgroups: sequevars 15, 17, 34, 44, and 54. In southwest China (Z2), there were also five egl-groups containing sequevars 13, 17, 44, 54, and 55 . In the basin of the Huai River (Z4), near the north of China, where slight bacterial wilt occurred recently, only sequevar 15 was identified, but whether the zone only has sequevar 15 requires identification of more isolates. The difference in sequevar distribution across tobacco-growing zones may be a result of the different conditions of temperature and rainfall (Table 1) . A previous study reported that R. solanacearum was detected in river water and irrigation water and introduced the strains to cultivated fields in Europe and the United States (López and Biosca 2005; Hong et al. 2008) . Paddy-upland rotation is an important measure in southeast China, especially in Fujian province. The other reason for the wide distribution and high diversity of R. solanacearum strains in southeast China may be attributed to cultivation measures and irrigation water. However, more evidence about the influence of paddy-upland rotation is required.
After analyzing the distribution of sequevars in different elevation areas, we knew that the genetic structure was associated with elevation. This study complemented previous reports on distinct types of R. solanacearum strains distributed at different elevations and agroecological zones (Perez et al. 2008; Mahbou Somo Toukam et al. 2009 ). It is noteworthy that sequevar 15 was clearly lowland-associated (22 of 25 sequevar 15 strains in R2) and predominant in southeast China. Taiwan, near southeast China, also had similary results that sequevar 15 was the most predominant one (Lin et al. 2014) . The strains that were isolated from the highland elevations above 1500 m a.s.l. contained sequevar 17, 44, 54 and 55. It was surprising that the sequevar 54 (reported on tobacco R. solanacearum strains recently) (Li et al. 2016 ) and the new sequevar 55 were only found in areas with moderate to high elevations. The new sequevar may gather R.solanacearum strains evolving to adapt to the high elevations environment. A pathogenicity test of the isolates on tobacco showed that all tested strains were strongly pathogenic at tropical lowland temperatures (30°C day/25°C night). Cellier and Prior (2010) reported that phylotype I strains were not virulent at cold temperate (15 and 24°C, night and day, respectively), but it now remains to be determined whether the Chinese phylotype I strains spread to cold areas. As a follow-up to this study, the virulence of the highland strains to different hosts at cold temperatures is being examined to investigate the phylotype I strains associated with cool temperatures.
In summary, our study provides evidence that phylotype I strains have sequevar diversity and that genetic structure is associated with elevation in China, which is a prerequisite for effective breeding and management programs. That would inspirit growers for integrative control strategies and scientists for the in-depth thinking of local genetic diversity of R. solanacearum. Fig. 4 Severity of bacterial wilt on tobacco after inoculation with different strains of Ralstonia solanacearum isolated from China. Disease indices: 0 = asymptomatic plant, 1 = less than 25 % wilted leaves, 2 = less than 50 % wilted leaves, 3 = more than 50 % wilted leaves, and 4 = completely wilted leaves (dead plant). Error bars indicate standard errors of the means of two repeated experiments
